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Shoreline positions of Kashima Coast facing the Pacific Ocean, which is approximately 16 km long with 
Hasaki Fishery Port at the south end and Kashima Port at the north end, have been observed with four land-
based X- band radars and Synthetic Aperture Radar (SAR) satellite. X-band radars observe shoreline posi-
tions continuously in time but do not cover the whole coast. On the other hand, SAR covers the whole 
spatial domain, but data is available only a few times in a year. The purpose of the present work is to 
propose a data fusion method which combines different shoreline data observed by X-band radars and SAR 
satellite with the help of Garcia’s method, a Penalized Least Square (PLS) regression based on Discrete 
Cosine Transform (DCT). Garcia’s method is initially applied to shoreline positions dataset derived from 
X-band radars, and its performance has been checked for this dataset with artificial gaps. Then Garcia’s 
method is executed to combine Radar and SAR shoreline positions dataset together. The data fusion result 
is verified by survey data, and we confirm that our fusion method performs reasonably well to process 
shoreline data set. 
 
Key Words: Kashima Coast, X-band radar, SAR, Shoreline position, Garcia’s data smoothing and filling 
method, Data fusion 
 
1. INTRODUCTION 
 
Understanding and monitoring of shorelines are 
significantly important for proper beach management. 
In this regard, there are several shorelines monitoring 
tools such as situ beach profiling, LIDAR surveys, 
aerial photography, video camera analysis, satellite 
imagery, Synthetic Aperture Radar (SAR), land-
based X-band radar and so on. There have been many 
attempts to detect shoreline position from the individ-
ual observations. However, a large number of high 
resolution spatial and temporal coverage data are es-
sential for monitoring the inter- and intra-annual in-
tertidal morphological change and seasonal varia-
tions of the morphology. Aerial and satellite imaging 
typically have broad spatial coverage, but their tem-
poral coverage is limited. X-band radar can provide 
frequent data. However, it has some shortcomings, 
e.g., limited spatial coverage compared to aerial and 
satellite imaging, and cost of data processing to dig-
itize shoreline position from the images. 
In this context, a data fusion technique is tested 
here to overcome these types of shortcomings. Data 
fusion, which integrates multiple datasets from dif-
ferent sources and produces a unified output that pre-
serves the desired information. The benefits of data 
fusion usually include improved measurement relia-
bility and information completeness (for example, in-
creased spatial coverage or measuring range). 
Deronde et al.1) used a combination of airborne 
LIDAR and airborne hyperspectral data to study the 
beach morphodynamics of the Belgian backshore and 
foreshore. These authors explain that the combined 
interpretation of the erosion/sedimentation map with 
the classified hyperspectral data yields an appropriate 
method for studying the process of sand transport 
along the coastline. 
The main purpose of this paper is to propose a data 
fusion method which combines different shoreline 
data observed by land-based X-band radars and SAR 
satellite. The data are combined by means of Garcia’s 
method2), a Penalized Least Square (PLS) regression 
based on Discrete Cosine Transform (DCT). We 
check the validity of the proposed method by com-
paring the estimated results with survey data.  
 
2. DATA  
 
In this study, two types of data from different 
methods are used: land-based X-band radar3) and 
SAR satellite observation4). Hourly time-averaged X-
band radar images are collected from Dec 1, 2009 to 
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Fig.1 Kashima Coast, Japan.      Radar location.     Headlands (HL, 1-5). The origin of the coordinate system is located at 
the base of research pier HORS. The rectangular boxes with yellow lines indicate the coverage of radar observations. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.2 Example of time-averaged X-band radar images cap-
tured by (a) Radar-0, (b) Radar-1, (c) Radar-2, and 
(d) Radar-3, respectively. The shaded area indicates 
effective spatial coverage of radar observations. 
 
May 15, 2012 with some temporal and spatial gaps, 
and six SAR satellite data which are captured in 2010 
(Jan 30, May 2, Aug 2, Nov 20) and 2011 (Feb 2, 
April 7).  
The study area of the present research is southern 
Kashima Coast, Japan which is approximately 16 km 
long straight sandy coast with Hasaki Fishery Port at 
the south end and Kashima Port at the end of the north 
(Fig.1). For the observation of shoreline positions, 
four land-based X-band radars have been installed, 
namely Radar-0, Radar-1, Radar-2, and Radar-3. 
Figure 2 shows the example of hourly time averaged 
X-band radar images captured by Radar-0, Radar-1, 
Radar-2, and Radar-3, respectively. The pixel size of 
Radar-0, Radar-1, and Radar-2 is approximately 5.42 
m, and Radar-3 is about 7.18 m. The shaded areas in 
the panels represent the effective spatial coverage of 
radar observations.  We have three fixed spatial gaps 
along the coast where no X-band radar data is availa-  
 
ble (Fig.1). To cover the whole coast, we have 
afterwards introduced SAR data which covers the 
whole domain. 
Temporal Waterline Method (TWM)5) is used for 
digitization of shoreline position from hourly time-
averaged X-band radar images. Bell et al. developed 
this method which detects intertidal shore profile au-
tomatically with the help of pixel intensity from time 
stack X-band radar images and the binary signal of 
tidal elevations. 
Shoreline positions extracted by TWM from X-
band radar images have been displayed in Fig.3. In 
Fig.3, we observe two types of gaps: (i) fixed spatial 
gaps (-43 < x < 92 m; 6081 < x < 6216 m; 7640 < x 
< 7820 m; 9657 < x < 9856 m; 11103 < x < 11174 m) 
which are due to saturation of the radar measurement, 
and limited coverage of radars, and (ii) random gaps 
which are due to the lack of strong waterline signals 
of radar images. 
During stormy high wave conditions, the shore-
line position is shifted landwards by wave set-up and 
run-up effect. For this reason, we have introduced an 
empirical wave run-up formula6) to correct the wave 
run-up effect on TWM extracted shoreline position. 
Estimation of horizontal landward shift of shoreline 
position due to wave run-up effect has been shown in 
Fig.4.   
For validation7), we present a comparison among 
TWM, TWM with runup correction, and surveyed 
shoreline position (2006-2007) at the research pier 
HORS in Fig.5 (a) and its corresponding variation of 
wave height is shown in Fig.5 (b). It is clearly seen 
that the shoreline position tends to shift the landward 
direction during high wave conditions. Blue, black, 
and red solid lines represent the survey, TWM, and 
TWM with run-up corrected shoreline position, re-
spectively. TWM estimation can follow the trend of 
survey shoreline position; however, there is some 
systematic gap which is due to the effect of wave run-
up of the shift of shoreline position. Shoreline posi-
tion is estimated landwards compared to the surveyed 
shoreline position. As mentioned above, an empirical 
wave run-up formula is utilized to reduce these types  
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Fig.3 Shoreline positions extracted from radar images by Temporal Waterline Method from the period of 2009 to 2012. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.4 Estimated shift of shoreline positions due to wave run-up effect from the period of 2009 to 2012. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.5 (a)Validation of TWM estimation by comparing 
with the survey at research pier HORS (2006–2007), 
(b) variation of significant wave height.  
 
of systematic gap. Consequently, we found the wave 
run-up corrected TWM shoreline position which can 
follow the trend of survey shoreline position and min-
imize the systematic gap on average 8.5 m by 
compared to surveyed data.  
 
3. GARCIA’S DATA FILLING METHOD 
 
This method is formulated based on a Penalized 
Least Squares regression method by means of the 
Discrete Cosine Transform (PLS-DCT), which ex-
presses the data in terms of a sum of cosine functions 
oscillating at different frequencies, and it is suitable 
for equally spaced data in one dimension and higher.  
Since the DCT can be multidimensional, the DCT-
based PLS regression can be immediately extended 
to multidimensional datasets. Wang et al.8) executed 
the same method and analyzed its performance of fill-
ing in data gaps in the global soil moisture dataset. 
We will adopt this method to fill random and contin-
uous data gaps for spatio-temporal shoreline datasets.  
Now we give a brief introduction of Garcia’s 
algorithm: Let 𝑦 stand for a spatio-temporal dataset 
with random or continuous gaps, and 𝑊 be the diag-
onal matrix diag(𝑤𝑖) that contains the weight 𝑤𝑖 ∈
[0,1] corresponding to the data 𝑦𝑖. In the presence of 
missing values, 𝑊 is simply defined by 𝑤𝑖 = 0 if 𝑦𝑖 
is missing, while an arbitrary finite value assigned to 
𝑦𝑖. The DCT-PLS seeks for supposed smooth value 
?̂? that minimizes  
      𝐹(?̂?) = ‖𝑊1/2 ◦ (𝑦 − ?̂?)‖
2
+ 𝑠‖∇2?̂?‖,          (1) 
where ‖. ‖, ∇2, and ◦stand for the Euclidean norm, 
Laplace operator, and elementwise product, respec-
tively. The 𝑠 is a positive scalar that controls the de-
gree of smoothing: as 𝑠 increases, the smoothness of 
?̂? also increases. The ?̂? can be easily achieved by re-
writing Eq. (1) with the type II discrete cosine trans-
form (DCT) and its inverse discrete cosine transform 
(IDCT), which forms 
     ?̂? = 𝐼𝐷𝐶𝑇(𝛤 ◦  𝐷𝐶𝑇(𝑊 ◦ (𝑦 − ?̂?) + ?̂?)).      (2) 
Here, the 𝛤 is a two-dimensional filtering tensor de-
fined by  
     𝛤𝑖1,𝑖2 = (1 + 𝑠 (∑ (2 − 𝑐𝑜𝑠
(𝑖𝑗−1)𝜋
𝑛𝑗
)2𝑗=1 )
2
)
−1
 (3) 
where 𝑖𝑗 denotes the ith element along the jth dimen-
sion, and 𝑛𝑗  denotes the size of 𝑦 along this dimen-
sion. In Eqs. (2) and (3), the DCT-PLS modeling re-
lies only on the choice of the smoothing parameter 𝑠. 
For the purpose of filling in data gaps, this parameter 
needs to have an infinitesimal value (≈ 0) to reduce 
the effect of smoothing. A high value of 𝑠 leads to the 
loss of high frequency components. 
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Fig.6 Random gaps in the wave run-up corrected shoreline positions filled by Garcia’s method. Red lines represent the 
common period of four radar observations. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.7 (a) Artificial temporal gaps set in shoreline positions 
(Radar-1). Original data is shown in Fig.6(b), and (b) 
Reconstructed shoreline positions by using Garcia’s 
method.  
 
4. DATA FILLING AND FUSION RESULTS 
 
(1) Random gap filling of X-band radar data 
The shoreline position extracted by TWM (Fig.3) 
combine with wave run-up length (Fig.4) depict the 
processed radars shoreline position data with numer-
ous random gaps. To fill these random gaps, we ap-
plied Garcia’s method. The filled radars shoreline po-
sition data are shown in Fig.6, which clarifies that the 
performance of filling is reasonably well from the 
view of smoothness of shoreline data by taking 
smoothing parameter value 𝑠 = 10−6 . That a high 
value of 𝑠 leads to the loss of high frequency compo-
nents. The choice of 𝑠 is discussed later on. 
 
(2) Validation of Garcia’s method 
To validate the performance skill of the Garcia’s  
method, we introduce a 1020 m long ( -2723 < x < -
1703 m) and a 527 m long (2300 <x< 2827 m) artifi-  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.8 Significance of smoothing parameter 𝑠 vs correla-
tion coefficient for gap filling data (a) at x = -2360 
m, and for non-gap filling data (b) at x = -71 m. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.9 Verification of the performance of data filling by 
Garcia’s method:  Comparison of temporal varia-
tions of shoreline positions between original and re-
constructed data (a) x = -2702 m, (b) x = -2360 m, 
and (c) x = -1801. m 
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Fig.10 Verification of the performance of data filling by 
Garcia’s method:  Spatial distributions of shoreline 
positions between original and reconstructed data 
(a) Jan 1, 2010, (b) Jan 1, 2011, and (c) Jan 1, 2012. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.11 (a) Combination of Radar and SAR shoreline posi-
tions data. R-I, R-II, R-III, and R-IV are the sub-
regions of gap filling. (b) The final result of the 
shoreline variations processed by Garcia’s data 
filling method over the period of Dec 1, 2009 to 
May 15, 2012. 
 
cial spatio-temporal gaps in the original shoreline da-
taset of Radar-1 is shown in Fig.7(a). Then Garcia’s 
gap-filling process is applied to this dataset with the 
choice of smoothing parameter 𝑠 = 10−6. The output 
of gap-filled shoreline data is represented in Fig.7(b). 
The choice of smoothing parameter 𝑠 vs correla-
tion coefficient (CC) for the two different transect at 
x = -2360 m and x = -71 m is shown in Fig.8. A high 
correlation coefficient value identifies the strong 
symmetry between two observations, while low corr- 
 
 
 
 
 
 
 
 
 
 
 
Fig.12 (a) Mean, minimum and maximum range of the 
shoreline position variation of fusion data, and (b) 
their standard deviation of the variation. 
 
elation coefficient is associated with the weak sym-
metry between the two observations. From Fig.8(a), 
we see that when smoothing parameter 𝑠 increases, 
the correlation coefficients decrease in the case of 
gap data. For non-gap data, we also found the same 
tendency which is shown in Fig.8(b). 
Figures 9(a), (b) and (c) compare between the 
temporal variation of the original and reconstructed 
shoreline positions at x = -2702 m, x = -2360 m, and 
x = -1801 m, respectively. In the respective along-
shore location, we found the correlation coefficient 
between the original values and their corresponding 
predictions are approximately 0.45, 0.69, and 0.72, 
respectively. Figures 10(a), (b) and (c) also demon-
strate the spatial variation of the original and recon-
structed shoreline positions. The correlation factors 
between original and reconstructed shoreline posi-
tions are 0.96, 0.89, and 0.91 on the date of Jan 1, 
2010, Jan 1, 2011, and Jan 1, 2012, respectively. As 
shown in Fig.10, Garcia’s gap-filling method fills in 
only artificial gap values and unchanged other values. 
A good correlation is found when the filled data 
are close to original data in the case of spatial and 
temporal variation of shoreline dataset (see Fig.9 and 
Fig.10). This is suggesting a good prediction skill of 
Garcia’s method that can be expected for filling in 
data gaps of spatio-temporal shoreline dataset when 
the gaps are not so large. 
 
(3) Fusion results 
Since the radars do not cover the whole 16 km coast, 
we further try to combine six SAR observation shore-
line data with radar observation (see Fig.11(a)). 
Within the SAR spatial coverage, there are fixed gaps 
(4120 < x < 4240 m) due to the existences of Head-
lands. As shown in Fig.11(a), we set four sub-
regions: R-I (-4000 < x < -43 m), R-II (92 < x < 4120 
m), R-III (4240 < x < 6080 m) and R-IV (6216 < x < 
7640 m) to test the applicability of the present gap-
filling technique of the shoreline positions extracted 
from SAR and radar observations. These four sub- 
regions were separated by coastal structures so that 
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Fig.13 (a) Validation of the estimated shoreline positions from Radar and SAR observation with survey (2011 May) result, 
and (b) its corresponding errors. 
 
the shoreline changes in each sub-region shows sim-
ilar behavior. Again, Garcia’s method is applied to 
fill the numerous data gaps at each sub-region by tak-
ing smoothing parameter 𝑠 = 10−6, and the result is 
shown in Fig.11(b). 
Figure 12(a) is the mean, maximum and mini-
mum of filled shoreline positions, and Fig.12(b) de-
picts their standard deviation. Small value of standard 
deviations and narrow ranges identify stable regions, 
while large standard deviations and wide envelopes 
are associated with regions of high variability.  
The result of data fusion is verified with survey 
data. Figure 13(a) compares between shoreline posi-
tion from the data fusion and survey result and 
Fig.13(b) represents the difference between the two 
estimations, mean absolute error (MAE) for the 
whole region is about 15.2 m. However, we see some 
large discrepancies greater than 20 m for -2810 < x < 
1400 m, 6650 < x < 7070 m, and 7800 < x < 9200 m. 
For 2810 < x < 1400 m, combined shoreline data is 
basically filled by Garcia’s method. Error around the 
headlands #2 and #3 seems significantly large. One 
possible reason is the low quality of radar images; 
however, we could not verify it quantitively.  
Based on the MAE estimation, we may conclude 
that our fusion method performs reasonably well to 
process overall shoreline dataset; however, in some 
regions the error becomes large. 
 
5. CONCLUSIONS 
 
In this paper, we presented a data fusion method 
to combines the X-band radar and SAR shoreline data 
with the help of Garcia’s data filling and smoothing 
method. The method is successfully executed, and we 
verified the result with survey data. Eventually, we 
may conclude that our proposed data fusion method 
succeeds reasonably well to process overall shoreline 
dataset. 
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